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A B S T R A C T
This article investigates picosecond and sub-picosecond laser micromachining of Borofloat®33 glass and provides
clear evidence that a simple modification of the laser beam scanning strategy can lead to significant improve-
ment of machining efficiency and hence process throughput. Besides studying the impact of the fundamental
laser machining parameters, such as laser fluence, pulse overlap, pulse repetition frequency (PRF), pulse
duration and laser spot diameter, on the machined depth, surface roughness and material removal rate (MRR), it
also compares the machining results for two different laser beam scanning strategies, called here "sequential”
method (SM) and “interlaced” method (IM). By changing the scanning strategy from SM to IM, the MRR can be
significantly increased because IM allows high-quality machining of the glass at higher PRF values. The ex-
perimental results show that this simple, cost-free modification allows the MRR value to be increased by more
than 4 times, i.e. from 0.12mm3/s to 0.53mm3/s. Moreover, by using a Phantom V2512 high-speed camera, the
picosecond laser micromachining process using both SM and IM was filmed. The videos show that SM leads to
the accumulation of glass particles within the laser-machined area, whereas in IM the glass material is removed
layer by layer which leads to the generation of “cleaner” and deeper areas. The mechanisms associated with
these machining improvements are discussed.
1. Introduction
In modern manufacturing, lasers are recognized as versatile tools
that enable non-contact machining of different materials, with high
accuracy at micron-scale resolution, via remote control and safe op-
eration. All these features mean that laser-based processes are capable
of competing with many conventional processes, such as mechanical
cutting, drilling, milling, marking, engraving or surface texturing. In
reality, however, machining throughput, process quality and overall
cost are the key drivers that determine whether the process is cost-
effective and can be applied in industry.
Continuous demand of industry to increase throughput of micro-
machining processes has encouraged many researchers and companies
to develop high average power industrial pulsed lasers. (Malinowski
et al., 2013), for instance, developed > 250W average power fiber
lasers capable of producing adjustable pulses in the range of 500 ps to
500 ns with pulse energies more than 10mJ. (Saraceno et al., 2019), in
turn, recently published a review paper in which he describes the
progress in the development of high average power ultrafast thin-disk
lasers. Nowadays, these lasers can provide average powers at a kW
level, producing femtosecond and/or picosecond pulses with energies
exceeding 1mJ.
Modern industrial high average power lasers can produce nanose-
cond, picosecond and femtosecond pulses with a very high pulse re-
petition frequency (PRF), even in the MHz range, with pulse energies
high enough to machine different materials. This suggests that such
lasers should provide efficient machining at very high speeds.
Unfortunately, laser machining with a very high PRF does not always
lead to higher process throughput because laser-induced heat in a
workpiece often causes its overheating, uncontrolled melting,
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oxidation, bending or even cracking. Moreover, this heat can also lead
to the generation of plasma and laser beam shielding that have a det-
rimental effect on the process speed and machining quality, as observed
by (Neuenschwander et al., 2014) during ultrashort pulse laser micro-
machining of copper and steel. To avoid all these unwanted side effects,
laser machining parameters, such as wavelength, pulse duration, flu-
ence, PRF, pulse overlap and scan speed have to be carefully selected
for a given workpiece. The best demonstration of this are the experi-
ments described by (Schille et al., 2015) who searched for optimum
machining parameters for copper and steel using four different ultra-
short pulsed lasers.
To achieve high machining throughput and quality with a high
average power laser, the laser machining system has to be equipped
with a high-speed laser beam scanning unit, e.g. a modern galvan-
ometer scanner or polygon scanner, to reduce the pulse-to-pulse overlap
and prevent the generation of excessive local heat in the workpiece at
very high PRFs. Typical galvanometer scanners can move the focused
beam with a speed of up 15m/s across the workpiece (Penning et al.,
2016), whereas polygon scanners can provide speeds in the range of
10–300m/s (Exner et al., 2012). Several researchers have demon-
strated high-throughput laser machining using these devices.
(Loeschner et al., 2015), for instance, used an in-house developed
polygon scanner with a 100W picosecond laser for machining stainless
steel, and achieved a material removal rate (MRR) of 5.4 mm3/min at
PRF = 20MHz. Only a year later, (Schille et al., 2016) combined a
polygon scanner with a galvanometer scan unit, used this setup with a
270W picosecond laser for machining stainless steel, and achieved the
MRR value of 15.3 mm3/min. In addition to that, they also machined
two other metals and Al2O3 ceramic and obtained the following MRR
values: 27.8mm3/min for aluminum, 21.4mm3/min for copper and
129.1mm3/min for the ceramic.
Another way to increase machining throughput is to split the output
laser beam into an array of less powerful beamlets, as demonstrated for
instance by (Bruening et al., 2020). This method enables processing of
multiple areas on one workpiece or even several workpieces simulta-
neously. The laser beam splitting can be realized by using beam split-
ting cubes, prisms, microlens arrays or diffractive optical elements
(DOE), such as periodic diffraction gratings or multi-level phase plates
(Hofmann et al., 2020). Liquid crystal based spatial light modulators
(LC-SLM) can also be used, as demonstrated for instance by
(Wlodarczyk et al., 2014). These devices, sometimes called program-
mable DOEs, enable dynamic modification of the number of beamlets
and their spatial distribution on the fly. Recently, (Gillner et al., 2019)
has also shown that multiple laser beams for high speed machining can
be generated and efficiently controlled by combining an acousto-optic
and phase modulating beam steering system together with a diffractive
optical beam splitter.
This article investigates micromachining of borosilicate
(Borofloat®33) glass using ultrafast, picosecond and sub-picosecond
pulsed lasers. In general, such lasers are highly suitable tools for pro-
cessing glass materials. The very short interaction time of individual
laser pulses with the workpiece leads to the generation of a very small
heat-affected zone (HAZ) in the surroundings of the machined area,
providing “crack-free” removal of glass with very high precision and
sub-micron spatial resolution. Previous publications have shown that a
picosecond pulsed laser can successfully be used for cutting and micro-
drilling thin flex glass sheets (Wlodarczyk et al., 2016) and also for
drilling and micro-milling millimeter-thick borosilicate glass plates
(Wlodarczyk et al., 2019a, 2018). The last two publications have also
shown that the same laser is capable of welding two glass plates to-
gether, and can be used for rapid prototyping microfluidic devices for
various applications in the field of carbon storage and petroleum en-
gineering research. In combination with a CO2 laser, ultrafast lasers can
also be used for the manufacturing of bespoke optics and micro-optics.
(Schwarz and Hellmann, 2017), for instance, used a femtosecond pulsed
laser to generate a cylindrical shape on the surface of fused silica, and
then a 60W CO2 laser to obtain optically-smooth surface finish. More
recently, the same researchers have shown that this two-step laser
process can also be used for the fabrication of high-quality axicons
(Schwarz et al., 2018) and axicon arrays (Schwarz et al., 2020).
The purpose of the work described in this article is to examine the
impact of the laser beam scanning strategy on process throughput and
machining quality for Borofloat®33 glass. Besides studying the impact
of the fundamental laser machining parameters, such as laser fluence,
pulse overlap and PRF, on the machined depth, surface roughness and
MRR, two different laser beam scanning strategies, called here "se-
quential” method (SM) and “interlaced” method (IM), are investigated.
As reported by (Neuenschwander et al., 2016), IM can significantly
improve surface finish of ultrashort pulse laser machined metals. The
machining results presented in this article were generated using two
ultrashort pulse lasers (Trumpf TruMicro 5× 50 and Edgewave FX 200)
that operated at the 1030 nm wavelength. This work, however, also
refers to another paper (Wlodarczyk et al., 2019b) that describes the
picosecond laser micromachining of Borofloat®33 glass using a shorter
laser wavelength (λ = 515 nm). The article also presents videos re-
corded by a Phantom V2512 high-speed camera that show the laser
beam interaction with glass during the picosecond laser micro-
machining using both SM and IM. Thanks to these videos, the me-
chanisms that lead to the machining improvements obtained using IM
can be explained.
2. Equipment and methodology
2.1. Materials
All laser machining experiments described in this article were per-
formed using 1.1mm thick borosilicate glass plates (Borofloat®33,
SCHOTT Technical Glass Solutions GmbH), supplied by Newcastle
Optical Engineering Ltd. (UK). The key characteristics of Borofloat®33
are: outstanding thermal resistance, high optical transparency and
chemical durability, and excellent mechanical strength.
2.2. Laser processing workstations
Two ultrashort pulse laser machining systems were used to perform
a comparative study between SM and IM. The first laser machining
system located at Heriot-Watt University in Edinburgh (UK) uses a 50W
Trumpf picosecond laser (TruMicro 5×50), whereas the other laser
system located at the University of Applied Sciences in Mittweida
(Germany) uses a 100W sub-picosecond laser (Edgewave FX 200). The
Trumpf laser produces 6 ps pulses, measured as Full-Width-Half-
Maximum (FWHM), at λ = 1030 nm. According to the manufacturer,
the maximum pulse energy (EPMAX) is 125 μJ and the maximum pulse
repetition frequency (PRFMAX) is 400 kHz. In this laser system, the laser
beam diameter in the focus is approximately 41 μm, obtained by using a
160mm focal length F-theta lens mounted to a HSR 10 galvanometer
scanner (Trumpf). The laser spot diameter was measured at 1/e2 of its
maximum intensity, using a Beam-Map 2 scanning slit beam profiler
(DataRay). The Edgewave laser, meanwhile, produces 600 fs pulses at λ
= 1030 nm with EPMAX=50 μJ for the PRF values up to 2MHz. The
laser can also produce sub-picosecond pulses with a higher PRF (up to
50MHz) but at the cost of reduced pulse energy. In this laser system,
the laser beam is focused to a 30 μm diameter spot, as measured using a
MicroSpotMonitor camera-based focus analysis system (Primes GmbH),
using a 167mm focal length, fused silica, telecentric F-Theta lens. The
lens is mounted to a high-speed galvanometer scanning unit
(intelliSCAN 30, ScanLab GmbH) which was equipped with SiC-sub-
strate mirrors. In this configuration, the galvanometer scanner enables
the translation of the laser beam across the workpiece at speeds up to
11.8m/s (when only one axis is involved) and 16.8m/s (during diag-
onal translation when both axes are involved).
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2.3. Laser beam scanning methods
Fig. 1 shows two laser beam scanning methods that were used in the
experiments described in this paper. The first scanning method, named
here “sequential” method (SM), is very well-known and commonly used
for laser micromachining. In SM, the laser beam is translated following
the pattern shown in Fig. 1(a). The arrows indicate the direction of the
laser beam movement, whereas the numbers indicate the scanning se-
quence.
The second scanning method, named here “interlaced” method
(IM), is less known and most likely not currently available as a standard
hatch pattern in any commercial laser beam scanning software. In IM,
as illustrated in Fig. 1(b), some scanning lines are deliberately omitted
at regular intervals during the first pass in order to be filled later in
subsequent laser beam passes. In subsequent passes, the laser beam
starts scanning at an offset equal to the hatch distance (ΔH) in relation
to the previous pass, omitting an identical number of scanning lines as
before. The interlacing is repeated until all the missing lines are filled
in. The number of repetitions is defined as a ratio of ΔIL to ΔH, where
ΔIL is an interlacing distance. More information about IM can be found
in (Wlodarczyk et al., 2019b).
2.4. Experiments
The experiments relied on laser machining of small areas, typically
2mm×2mm, on the upper surface of Borofloat®33 glass plates, as
shown in Fig. 2. Each “test area” was machined using a different set of
laser processing parameters, applying one of the two laser beam scan-
ning methods (either SM or IM). The laser machining variables were
peak laser fluence (F), pulse repetition frequency (PRF), and pulse
overlap (O). For simplicity, the pulse overlap along the laser beam scan
direction (OS) was the same as the pulse overlap in the hatch direction
(OH). These two pulse overlaps were calculated as follows:
OS = [1 – (ΔS / 2ω)] × 100 %, (1)
OH = [1 – (ΔH / 2ω)] × 100 %, (2)
where 2ω is the laser spot diameter. All laser machining parameters
used in the experiments are listed in the Supplementary Materials (see
Tables S1-S12).
Before laser machining, the borosilicate glass plates were washed in
isopropanol and wiped using soft lens tissues in order to remove dust,
contamination and fingerprints. The test areas were produced with the
laser beam focused on the upper surface of the glass. The glass samples
were suspended in a special holder so that the machining area had a
clear aperture underneath.
2.5. Cleaning and analysis of the laser machined areas
Fig. 2 shows that following the laser process the glass plates were
contaminated by small glass particles (white powder). These particles
were removed by placing the glass plates inside a beaker filled with
methanol. The beaker was placed inside an ultrasonic cleaner for a few
minutes. Following the ultrasonic bath treatment, the laser-machined
areas were inspected using a Leica optical microscope (DM6000M), and
measured using an Alicona 3D surface profilometer (InfiniteFocus).
Machined area depths were measured using a ×5 zoom objective,
whereas surface roughness was measured using ×10 zoom objective.
The field of view of the second objective was 1.43mm by 1.08mm. For
the glass samples machined using the Edgewave laser system, the test
areas were measured using a Keyence 3D laser scanning microscope
(VK-X250 K).
The picosecond laser micromachining of glass using both SM and IM
was filmed using a Phantom V2512 high speed monochrome camera.
The captured videos allowed direct observation of the differences be-
tween the SM and IM machining processes. The SM and IM processes
were filmed at 10,000 frames per second (fps) and a resolution of
768× 768 pixels. The camera was placed at an angle of approximately
80 degrees with respect to the glass workpiece surface. During the video
Fig. 1. Illustration of bi-directional: (a) sequential and (b) interlaced laser beam scanning method. Symbols: ΔH – hatch distance, ΔS – pulse-to-pulse distance along
the linear movement of the laser beam, and ΔIL – interlacing distance.
Fig. 2. Photograph of Borofloat®33 glass plate just after picosecond laser machining using SM. The illustration on right shows the peak laser fluence values used for
machining squares.
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recording, the region of interest was illuminated by using a high
brightness light-emitting diode.
3. Results
3.1. Machining of glass using 6 ps laser pulses
Using the Trumpf laser machining system, each set of twenty four
test areas (see Fig. 2) was produced by applying one of the four pulse
repetition frequency values (PRF = 20 kHz, 100 kHz, 200 kHz or
400 kHz). Four different pulse overlaps (O=80 %, 85 %, 90 % or 95
%) were used, each for six squares, while each square of the six was
produced using a different value of peak laser fluence (F= 7.3, 9.2,
11.1, 13.0, 14.9 or 16.8 J/cm2). The laser machining was performed
using SM, and then repeated for a new glass plate using IM.
3.1.1. Optical microscope inspection of the laser-machined areas
During this inspection, it was observed that the laser beam always
caused damage to the rear surface of the glass, despite focusing the laser
beam on the upper surface of the material. The damage was either
within the entire area, as shown in Fig. 3(a), (d) and (e), along one or
two edges, as shown in Fig. 3 (b) and (f), or only in one corner, as can
be seen in Fig. 3 (c). In the case when the entire rear surface was da-
maged (see Fig. 3 (a) and (d)), laser ablation did not occur on the upper
surface. In the other cases, laser ablation occurred on both surfaces.
The results of the optical inspection for the laser-machined glass
samples were summarized in Table 1 for SM and Table 2 for IM using
ΔIL = 32 μm. The reason why the ΔIL of 32 μm was selected is ex-
plained in Section 3.1.3.
With a peak laser fluence (F) slightly above 7 J/cm2, machining
occurred only at the rear surface. The exceptions were two areas pro-
duced using SM, O=95 %, and PRF = 20 kHz and 100 kHz (see
Table 1). Although both areas had minor damages on the rear surface,
seen as a line in Fig. 3(b), the area machined using PRF = 100 kHz had
also a substantial amount of white powder on the upper surface. This
powder contained small glass particles; some of which were so firmly
attached to the machined area that they could not be removed using the
ultrasonic cleaner. A similar issue was observed in most areas machined
using SM and O=95 %. These areas are highlighted in blue in Table 1.
The white powder was also noted within the areas machined using SM
with PRF = 200 kHz and 400 kHz, even in the areas produced with
O<95 %.
In the case of IM, the rear surface of the glass had either severe
damage within the entire machined area or minor damage only along
two opposite edges. For low values of laser fluence, surface damage was
within the entire area, as shown in Fig. 3(d), and laser ablation did not
occur on the upper surface of the glass. For higher values of laser flu-
ence and O≤85 %, the laser beam machined the upper surface, but
also periodically damaged the rear surface of the glass (see Fig. 3(e) as
an example). In the areas highlighted in green in Table 2, damage on
the rear surface had a form of an array of dots, as shown in Fig. 3(f). The
dots were on two opposite edges. The other edge is not seen in Fig. 3(f).
3.1.2. Sequential machining (SM)
Only the areas highlighted in yellow and green in Table 1 were
measured using the Alicona surface profilometer in order to determine
their average depth and surface roughness. In these areas, the rear
surface of the glass had minor damage, only either along one edge or in
one corner. The presence of white powder in the areas generated with
O=95 % and PRF>100 kHz led to misleading measurements, i.e.
underestimated depths and overestimated surface roughness, therefore
these results were not analyzed any further.
The measurement results for two PRF values and four pulse overlaps
are shown in Fig. 4. Using SM, PRF = 20 kHz and O=95 %, see
Fig. 4(a), it was possible to remove approximately a 70 μm deep layer of
glass in a single laser pass. In general, the machined depth (D) was
dependent on the peak laser fluence (F) and pulse overlap (O), but was
less dependent on the PRF value. Regarding the surface roughness, the
Fig. 3. Leica microscope images of the rear surface of Borofloat®33 glass machined using (1st row) SM and PRF = 20 kHz and (2nd row) IM with ΔIL = 32 μm and
PRF = 20 kHz. Laser fluence and pulse overlap were as follows: (a) 7.3 J/cm2, 85 %, (b) 7.3 J/cm2, 95 %, (c) 9.2 J/cm2, 95 %, (d) 7.3 J/cm2, 85 %; (e) 11.1 J/cm2, 85
%, (f) 9.2 J/cm2, 95 %. Dashed circle and boxes indicate different “minor” damages.
Table 1
Results of the inspection of the rear surface of the glass plates machined using
SM. Symbols: WA – severe damage within the entire area, Line – local damage
along one edge, Dot – minor damage in one corner. Blue areas highlight areas
with glass particles firmly attached to the upper glass surface.
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root-mean-square (Sq) value of almost all analysed areas was in the
range of 1.2–1.6 μm. The exception was the area machined using PRF =
100 kHz, F=16.8 J/cm2 and O=90 %, where the Sq value was
1.8 μm. Here it must be noted that the error bars in Fig. 4(a) and (c)
represent the S10z (Ten-point height) values calculated according to the
international standard ISO 12781-1:2003.
The material removal rate (MRR) for different combinations of laser
machining parameters was also calculated, and these results are shown
in Fig. 5. As expected, higher MRR values were obtained with PRF =
100 kHz due to the higher scan speeds used to maintain the same pulse
overlap. The highest MRR value of approximately 0.12mm3/s was
measured for the maximum laser fluence (F=16.8 J/cm2) and O=80
%. A slightly lower MRR was obtained with O=85 %.
3.1.3. Interlaced machining (IM)
The number of skipped lines in each laser beam pass, which is de-
fined by an interlacing distance (ΔIL), as illustrated in Fig. 1(b), was
found to be a key parameter that significantly affects the depth and
surface roughness of the areas machined using IM. Evidence of this is
shown in Fig. 6, where the test areas were produced using a constant
fluence (F=16.8 J/cm2), PRF = 100 kHz, and O=90 % (ΔS = ΔH =
4 μm). The only variable here was the interlacing distance (ΔIL) which
was different for each area.
In the case when ΔIL = ΔH, the area was machined in the same way
as using SM. For increasing values of ΔIL, as can be seen in Fig. 6, the
areas at the bottom start having parallel furrows whose periodicity
increases with increasing ΔIL. The furrows become very pronounced for
ΔIL ≥ 28 μm and their periodicity corresponds to ΔIL.
The same experiment was also repeated for O=95 % (ΔS = ΔH =
2 μm) and the results of this experiment are shown in Fig. 7. For ΔIL ≤
12 μm, the machined areas were covered by glass particles firmly at-
tached to the glass surface, because the machining conditions were the
same or very similar to SM. Interestingly, for ΔIL = 12 μm, the rear
surface had also slightly skewed parallel furrows whose periodicity was
Table 2
Results of the inspection of the rear surface of the glass plates machined using IM and ΔIL = 32 μm.
Symbols: WA – severe damage within the entire area, Dots – dotted damage along two opposite edges.
Fig. 4. Depth and Sq value of the areas machined using SM as a function of peak laser fluence. Results were obtained with: (a) and (b) PRF = 20 kHz, (c) and (d) PRF
= 100 kHz. Error bars in (a) and (c) show the S10z values calculated according to ISO 12781-1:2003.
K.L. Wlodarczyk, et al. Journal of Materials Processing Tech. 285 (2020) 116807
5
approximately 85 μm. For the areas machined using ΔIL > 12 μm, the
furrows were also present and were similar to those observed in the
areas produced with O=90 %. As before, the periodicity of these
furrows corresponded to ΔIL. By comparing Fig. 6 with Fig. 7, it can be
noted that the areas machined with the higher pulse overlap seem to be
rougher, in particular when ΔIL ≤ 40 μm. To confirm this observation,
the mean depth and surface roughness of each machined area was
measured using the Alicona profilometer.
As can be seen in Fig. 8, both mean depth and surface roughness
depend on the value of pulse overlap and the interlacing distance used
for machining. For O=90 %, the machined depth increases for low
values of ΔIL and then stays in the range of 75–100 μm. The surface
roughness (Sq value), in turn, oscillates near 2 μm and then increases
when ΔIL > 32 μm. For O=95 %, the influence of ΔIL on the mean
depth and Sq value is more pronounced. When ΔIL is between 16 μm
and 32 μm, the depth of the machined areas increases from 300 μm to
400 μm. The Sq value for this range of ΔIL is below 4.2 μm. Although the
highest depth was obtained using ΔIL = 36 μm, the Sq value of this area
was nearly 7 μm. Further increases of ΔIL resulted in less efficient
machining, because the machined depth started decreasing rapidly (to
the mean value of approximately 100 μm), whereas the Sq value started
rapidly increasing.
Following the above experiments, the ΔIL of 32 μm was used to
produce more test areas on Borofloat®33 glass using IM because this
value seemed to provide the best machining results, i.e. high machined
depth and relatively low surface roughness. After the optical inspection
of the IM machined areas, as described in Section 3.1.1, only those
produced with O=90 % and 95 % were analyzed using the Alicona
surface profilometer.
Mean depths and Sq values of the areas machined with O=90 %
are plotted as a function of peak fluence in Fig. 9(a) and (b), respec-
tively, whereas the values for the areas machined with O=95 % are
plotted in Fig. 9(c) and (d). For both pulse overlap values, the mean
depth increases almost linearly with increasing laser fluence, regardless
of the PRF used, reaching 90 μm for O=90 % and PRF = 100 kHz, and
400 μm for O=95 % and PRF = 100 kHz, as expected, given the re-
sults plotted in Fig. 8(a). The surface roughness produced with O=90
Fig. 5. Material removal rate (MRR) obtained using SM as a function of peak
laser fluence. Results are shown for PRF = 20 kHz and 100 kHz.
Fig. 6. Top view of the center of the areas machined using different interlacing distances (ΔIL) and F=16.8 J/cm2, PRF = 100 kHz, and ΔH = 4 μm. The images
were captured using the Alicona surface profilometer.
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% was in the range of 1.5–2.5 μm, as shown in Fig. 9(b). Interestingly,
the highest Sq values were obtained with PRF = 100 kHz, not with
higher PRF values at which theoretically the process could be less stable
due to excessive heating and the formation of white powder, as ob-
served for SM. In the case of the areas generated with O=95 %, the Sq
value decreases with increasing laser fluence when PRF≥100 kHz, see
Fig. 9(d). For PRF = 20 kHz, the surface roughness was always below
3 μm.
Based on the results shown in Fig. 9, the MRR values were calcu-
lated. It is not surprising that the highest MRR values were obtained
with PRF = 400 kHz (see Fig. 10). Using F=16.8 J/cm2, it was pos-
sible to ablate the material as fast as 0.43mm3/s (using O=90 %) and
0.53 mm3/s (using O=95 %). These values of MRR are therefore at
least 3.5 times higher than those obtained using SM (see Fig. 5) where
the PRF was limited to 100 kHz.
Fig. 7. Top view of the center of the areas machined using different interlacing distances (ΔIL) and F=16.8 J/cm2, PRF = 100 kHz, and ΔH = 2 μm. The images
were captured using the Alicona surface profilometer.
Fig. 8. Influence of the interlaced distance (ΔIL) on the depth and Sq value of the laser machined areas. Results presented for 90 % and 95 % pulse overlap,
EP= 16.8 J/cm2 and PRF = 100 kHz. Error bars in (a) show the S10z values calculated according to ISO 12781-1:2003.
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3.2. Machining of glass using sub-picosecond laser pulses
Similar test areas were also generated on the surface of Borofloat®33
glass by using the Edgewave laser machining system. The machining
was performed for a wider range of PRF values (between 100 kHz and
1.95MHz). Thanks to the modern high-speed galvo scanning unit, it
was possible to machine the glass using the same pulse overlap values
as in the experiments performed with the Trumpf laser. The maximum
pulse energy used was 45.2 μJ, corresponding to F= 12.8 J/cm2. The
aim of this work was to investigate IM for shorter laser pulse durations
and higher pulse repetition rates.
The mean depth of the areas machined using SM and IM are plotted
as a function of PRF in Fig. 11(a) and (b), respectively, for a fixed value
of laser fluence (F=10.6 J/cm2) and different O values. In IM, the
interlacing distance (ΔIL) was 18 μm for O=80 % and 85 % and 15 μm
for O=90 %. The results for the areas generated with O=95 % are
not presented because these areas were heavily covered by white
powder (i.e. glass particles). This powder was present within the areas
machined using both SM and IM.
For O=80 % and 85 %, the machined depths obtained using IM are
very similar to those produced using SM. The difference, however, is
obvious for O=90 %. In SM, as can be seen in Fig. 11(a), the machined
Fig. 9. Depth and Sq value of the areas machined using IM (with ΔIL = 32 μm) as a function of peak laser fluence used. Results were obtained with: (a) and (b) 90 %
pulse overlap, (c) and (d) 95 % pulse overlap. Error bars in (a) and (c) show the S10z values calculated according to ISO 12781-1:2003.
Fig. 10. Material removal rate (MRR) obtained using IM (with ΔIL = 32 μm) as a function of peak fluence. Results presented for: (a) 90 % pulse overlap and (b) 95 %
pulse overlap.
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depth decreases with increasing PRF, whereas the machined depth
obtained using IM increases, to approximately 45 μm when PRF =
1MHz, and then decreases when PRF>1MHz. For PRF = 1MHz and
O=90 %, the machined depth obtained using IM is almost 50 % higher
than the depth obtained using SM.
The Sq values plotted in Fig. 11(c) show that an increase of PRF
typically leads to the generation of areas with a smoother surface. Al-
though the Sq values of the surfaces generated using O=80 % are very
similar for both SM and IM, the differences are significant for O=90 %
(e.g. 2.1 μm vs. 0.8 μm for PRF = 1MHz).
Fig. 12 shows that MRR increases almost linearly with increasing
PRF, in particular when PRF≤1MHz. For higher PRF values, this
linear dependency disappears but MRR still increases. In SM, the
highest MRR value of 0.50 mm3/s was obtained by using O=85 %,
whereas in IM the highest MRR value of 0.66 mm3/s was obtained with
O=90 %. This corresponds to an increase of MRR by approximately 30
%.
The impact of laser fluence on the machined depth, Sq value and
Fig. 11. Influence of PRF on: (a), (b) the depth and (c) the Sq value of the areas machined using the Edgewave laser with F=10.6 J/cm2. The depth results are
presented for: (a) SM and (b) IM using ΔIL = 15 μm for O=90 % and ΔIL =18 μm for O=80 % and 85 %.
Fig. 12. Influence of PRF on MRR for: (a) SM and (b) IM using ΔIL =15 μm for O=90 % and ΔIL =18 μm for O=80 % and 85 %. The results were obtained using
the Edgewave laser and F= 10.6 J/cm2.
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MRR was also investigated using the Edgewave laser machining system.
Detailed results are presented in the Supplementary Materials (see
Figure S1 and S2). In general, it was observed that the machined depth
as well as MRR increases almost in a linear manner with increasing
laser fluence, whilst surface roughness of the areas generated using IM
is significantly lower than those generated using SM (see Figure S2).
Finally, it was noted that external edges of the areas machined using
SM were damaged by the laser-induced heat (see Fig. 13). For
F= 12.8 J/cm2, the heat-affected zone (HAZ) was relatively large and
the glass surface was heavily contaminated. In the case of the areas
produced by IM, the HAZ was very small and hardly seen using an
optical microscope.
3.3. Recording the SM and IM processes using high-speed camera
The Phantom high-speed camera was used to record the SM and IM
processes performed with the Trumpf laser machining system. This
video can be found in the Supplementary Materials. During the video
recording, the laser was machining two 1mm×0.5mm areas. The first
area was machined using SM, whereas the second was produced using
IM with ΔIL = 18.3 μm. In both cases, the pulse overlap along the scan
direction (OS) was 95 %, whereas the hatch distance (ΔH) was 1.83 μm.
Fig. 14 shows eight snapshots from the SM process. The first three
snapshots, see Fig. 14(a)–(c), show the moment when the laser beam
starts machining the workpiece. Then the laser beam hits the smooth
glass surface, removes the material and ejects small glass particles in
the direction opposite to the laser beam scan direction, as indicated by
the plume. In the next few scanning lines, see Fig. 14(d)–(f), the plume
becomes weaker and it seems to be trapped inside the machined area.
When the machined area gets wider, see Fig. 14(g) and (h), the plume
changes direction because the laser beam is incident on a steep slope
created by the material removed up to that point. This causes ejection
of glass debris towards the already machined area. When the machining
is performed using high laser fluence and high pulse overlap, the glass
surface gets hot and some ejected glass particles fuse onto it.
In IM, as shown in Fig. 15, the glass material is removed layer by
layer in each laser pass. Since the laser beam removes a relatively thin
layer of glass, the incident angle of the laser beam is rather small and
constant for each scan. Also the plume maintains its direction most of
the time. The only exceptions are moments when the laser beam hits the
boundaries of the machined area, as can be seen in Fig. 15(h). Finally, it
should be noted that the machined area is significantly deeper and also
cleaner than the one produced using SM.
4. Discussion
The results presented in Section 3 demonstrate that IM provides a
higher removal rate of Borofloat®33 glass than conventional SM,
thereby increasing the throughput of the ultrashort pulse laser micro-
machining process. This was particularly evident in the results obtained
with the Trumpf picosecond laser system, where IM caused an MRR
increase from 0.12mm3/s to even 0.53mm3/s. This was possible be-
cause IM provides: (i) more efficient ablation, i.e. higher machined
depths for the same process parameters, e.g. comparing Figs. 9(a) and 4
(c); (ii) more efficient machining using higher pulse overlaps and higher
PRFs; and also (iii) more effective ejection of glass particles, as observed
with the high-speed camera, thereby reducing the amount of glass
particles firmly attached to the workpiece surface. With respect to
surface roughness, IM often leads to higher Sq values, mainly because it
produces periodic, parallel furrows. The periodicity of these furrows
was found to correspond to the value of ΔIL. Fortunately, as demon-
strated by (Wlodarczyk et al., 2019a), surface roughness can be reduced
to Sq < 1 μm by applying a second laser pass in which a defocused laser
beam is scanned in the direction orthogonal to the previous pass.
Fig. 13. Optical microscope image of the edges of the areas produced using the Edgewave laser and PRF = 200 kHz. The other machining parameters were as
follows: (a) SM, F=10.6 J/cm2, O=80 %, (b) IM with ΔIL = 18 μm, F= 10.6 J/cm2, O=80 %, (c) SM, F= 12.8 J/cm2, O=85 %, and (d) IM with ΔIL = 18 μm,
F=12.8 J/cm2, O=85 %.
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Comparing the results presented in this article with the results
published elsewhere (see Wlodarczyk et al., 2019b), where IM was used
for the picosecond laser micromachining of Borofloat®33 glass using the
second laser harmonic (λ = 515 nm), it can be concluded that this
scanning method is more efficient and provides higher process
throughput for the fundamental laser wavelength (λ = 1030 nm). For
the shorter wavelength, the maximum MRR values were only
0.032mm3/s for SM (using O=80 % and PRF = 100 kHz) and
0.075mm3/s for IM (using O=95 % and PRF = 100 kHz). The ma-
chining improvement is therefore significantly smaller than that ob-
tained using the fundamental laser wavelength. This is probably due to
the fact that the machining at λ = 515 nm was performed using a
smaller laser spot diameter (24 μm instead of 41 μm) and lower pulse
energies (EP < 65 μJ).
Although the presented results indicate that the machining of glass
by using the 1030 nm wavelength leads to higher material removal
rates, thereby increasing process throughput, it must be noted that at
this wavelength the laser beam also caused damage to the rear surface
of the glass, as shown in Fig. 3. This was due to the fact that the depth of
field in this laser system was larger than the thickness of the workpiece.
Therefore, to avoid these undesirable machining effects, thicker glass
plates should be used. Fortunately in many applications, such as
through-hole drilling or cutting, it often does not matter if the laser
creates damage at the rear surface of the workpiece, providing that this
damage is confined only to the machined area.
The damage to the rear surface of glass is initiated by the non-linear
thermal lensing effect (also known as Kerr-lens focusing) that often
occurs inside glass during ultrashort pulse laser machining. Because the
material is transparent at a 1 μm wavelength and its surface is initially
smooth, ultrashort laser pulses can penetrate into the material. Due to
the thermal lensing effect, however, the laser beam becomes smaller
while propagating in the material and this can initiate ablation of the
rear glass surface when the intensity exceeds the ablation threshold
value. When the laser beam ablates the rear glass surface, the material
gets hotter and this increases its absorption and reduces the ablation
threshold. The process at this stage is also enhanced by the incubation
effect in which subsequent laser pulses reduce further the ablation
threshold. This, in turn, maintains the ablation of the front surface of
glass.
With the machining parameters provided by the Edgewave laser
system the differences in MRR were not as pronounced as with the
Trumpf picosecond laser; however analysis of the laser-machined sur-
faces (see Fig. 13) shows that IM still leads to “cleaner” machining and
generates smaller HAZs. Since this laser system allows the machining of
glass using very high PRF values, it was possible to obtain MRR as high
as 0.65mm3/s. As shown in Fig. 12(b), the MRR value achieved with
O=90 % increases almost linearly with increasing PRF, and this sug-
gests that for higher PRFs it should be possible to obtain even higher
MRR values. Unfortunately, for PRF> 2MHz this laser system pro-
duces pulses of reduced energy, thereby giving no improvement to
process throughput. Also, it must be noted that the Edgewave laser
system was capable of generating surfaces with relatively low rough-
ness (Sq < 0.6 μm), as shown in Fig. 11(c). These results indicate that
sub-picosecond laser pulses produced with a high repetition rate
(PRF> 800 kHz) can provide significantly better machining results
than the picosecond laser pulses.
Finally, the high-speed videos recorded by the Phantom camera
show the mechanisms that lead to “cleaner” and more efficient
Fig. 14. Snapshots from the SM process recorded by the Phantom high-speed camera: (a)-(c) Beginning of machining (1st line), (d) 2nd line, (e) 5th line, (f) 15th line,
(g) nth line, and (h) last line. Figures in the bottom left corner show the duration of the process.
Fig. 15. Snapshots from the IM process recorded by the Phantom high-speed camera: (a) and (b) 1st line, (c) 2nd line, (d) 10th line, (e) last line in the 1st pass, (f) mth
line in the 2nd pass, (g) nth line in the 5th pass, and (h) last line in the last pass. Figures in the bottom left corner show the duration of the process.
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machining of glass with IM. In general, the removal of glass “layer-by-
layer” causes the generation of “cleaner” and deeper areas, probably
because the machined zone is less disrupted by glass particles generated
during the laser process. The orientation of the plume in Fig. 15 sug-
gests that glass particles are ejected in the direction opposite to the laser
beam scan movement, landing away from the hot region. Since the
machined layers are relatively shallow, the glass particles can easily
escape the machined area even at low laser-induced recoil pressure. In
the case of SM, after a few laser scans glass particles seem to travel
towards the steep wall, as indicated by the plume in Fig. 14. Most of
these glass particles bounce off and land very close to the laser beam
scanning path. Since this area is very hot, they melt and merge with
each other, forming a lump of partially fused white powder that sticks
to the glass surface. Another reason why IM leads to more efficient
machining can be a different incidence angle of the laser beam, which is
normally smaller than that during SM. Since in SM the laser beam after
a few scanning lines hits a steep wall, the actual laser fluence is de-
creased and hence is not as high as in IM, where for most of the time the
laser beam machines a corrugated surface. A simplified model that il-
lustrates this explanation can be found in (Wlodarczyk et al., 2019b).
5. Conclusions
This article demonstrates that a simple modification of the laser
beam scanning strategy can lead to significant improvements of process
throughput. By changing the scanning pattern from SM to IM, it was
possible to increase the removal rate of glass from 0.12mm3/s to
0.53mm3/s with the Trumpf picosecond laser, using PRF = 400 kHz. In
the case of SM, the machining could only be performed if
PRF≤100 kHz; higher values generated very rough surfaces which
contained glass particles firmly attached to the glass surface. The ma-
chining of the same glass using the Edgewave sub-picosecond laser
system provided similar results, i.e. the change of the scanning tech-
nique from SM to IM allowed MRR to increase from 0.50 to 0.65mm3/s.
Such high removal rates were possible with PRF = 1.95MHz. Using
sub-picosecond laser pulses it was also possible to generate surfaces
with relative low roughness (typically Sq < 0.8 μm when
PRF>400 kHz). To conclude, all these results show that IM provides
many benefits over SM. Therefore, it is suggested that IM should be-
come one of the standard hatch patterns available in commercial laser
beam scanning programs. Finally, it should be highlighted that the
benefits of using the IM method for laser machining of glass have been
recently published as a patent application (Blair et al., 2019a, 2019b,
2019c).
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